We investigate the effects of collisional dephasing and Doppler broadening on the quantum beats, narrow resonances, and probe transparency induced by quantum interference in a Vee-type atom consisting of an excited doublet coupled to a single ground level by the vacuum. We show that the amplitudes of the quantum-beat oscillations are greatly reduced, and the narrow resonances are substantially suppressed and broadened, for even very small dephasing rates and Doppler broadening. Fluorescence quenching and the previously reported probe transparency can never occur in the presence of dephasing collisions and Doppler broadening.
INTRODUCTION
A Vee atomic system provides a useful model for dealing with radiative interference and its consequences. Indeed, the quantum interference between the two transition channels connecting the ground-level and the excited-doublet states in the Vee atom lies at the heart of many novel effects, such as dark spectral lines, 1,2 narrow resonances and probe transparency, 3 lasing without population inversion, 4 and population inversion without lasing. 5 Alternatively, quantum-interference channels in a Vee atom may be created from ⌳ and ⌶ atomic systems by a strong coherent field that drives the excited sublevels into dressed states, involving particular superpositions of the excited sublevels. Therefore, when the ground level and one of the excited sublevels is probed by a weak laser beam, there will be two transition channels (from the ground level to the dressed levels) available for atomic absorption. Quantum interference between the two transition channels results in predictions similar to those of a Vee system. 6 In practice, the atoms may move and undergo random collisions. The modifications of electromagnetically induced transparency from Doppler and collision broadening in three-level systems have been investigated experimentally. 7 Theoretical studies of these effects in electromagnetically induced transparency and lasing without inversion have also been performed. 8 In this paper we investigate the effects of collisional dephasing and Doppler broadening on quantum beats, 9 fluorescence quenching, [1] [2] [3] narrow resonances, and probe transparency, 3 induced by quantum interference in a Veetype atom consisting of two excited sublevels (͉1͘, ͉2͘) coupled to a single ground level (͉0͘) only by the vacuum. (There is no driving field present.) We show that such phenomena may be strongly degraded by the presence of quite small amounts of collisional and Doppler decohering processes. We consider the effects of preparing the atom in a variety of initial states.
The equations of motion of the reduced density-matrix elements for the atomic variables in the frame rotating with the average atomic-transition frequency 0 ϭ ( 1 ϩ 2 )/2 take the form 1,3,10
where ␥ j is the spontaneous-decay constant of the excited sublevel ͉ j͘ ( j ϭ 1, 2) to the ground level ͉0͘. However, ␥ 12 represents the effect of quantum interference resulting from the cross coupling between the transitions ͉1͘ ↔ ͉0͘ and ͉2͘ ↔ ͉0͘, reflecting the fact that, as the atom decays from the excited sublevel ͉2͘, it drives the other excited sublevel ͉1͘, and vice versa. 10 , 20 , and 21 , respectively, and are much smaller than the radiative relaxation rate, ␥ j ( j ϭ 1, 2). We shall find in the following sections that the collisional-dephasing rate ⌫ 21 modifies only the fluorescence intensity, while the other dephasing rates, ⌫ 10 and ⌫ 20 , influence only the probe absorption spectrum.
QUANTUM BEATS
The total intensity of the fluorescent field of such a system corresponds to the total rate of energy loss from the excited atomic states, which, in the case of 1 , 2 ӷ 21 ϵ 2 Ϫ 1 , is proportional to
It is clear that if there is no quantum interference between the decay processes of the two excited sublevels, ␥ 12 ϭ 0, the intensity is just proportional to the populations of the excited doublet,
where 11 (0) and 22 (0) are initial populations of the levels ͉1͘ and ͉2͘, respectively. The intensity is independent of the collisional relaxation rate ⌫ 21 , and displays an exponential decay at rates ␥ 1 and ␥ 2 . No quantum beats occur. For a collision-free Vee atom with the degenerate excited doublet 21 ϭ 0, Agarwal 10 showed that maximal interference may result in no fluorescent emission for the atom initially in the antisymmetric state. Otherwise, it decays exponentially.
If the excited doublet is nondegenerate and quantum interference is taken into account, the fluorescence emission has a complicated form. For ␥ 1 ϭ ␥ 2 ϭ ␥ ϭ ␥ 12 and ⌫ 21 Ӷ ␥, 21 the intensity may be expressed as
where
Equation (4) demonstrates that the collisional dephasing always contributes an additional decay rate to the fluorescence intensity, while the value of the excited double splitting determines the features of the time evolution. If 21 р ␥, the intensity exhibits pure exponential decay; otherwise, it shows quantum-beat oscillations whose frequency is not 21 , but
On the other hand, the nature of the quantum beats is very dependent on the initial conditions.
In what follows, we concentrate on the case of 21 Ͼ ␥, so that quantum beats occur.
A. For the Collision-Free Case: ⌫ 21 ‫؍‬ 0 First, we consider the collision-free case, when particularly simple expressions may be obtained. With the atom initially in the antisymmetric superposition state, ͉⌿(0)͘ ϵ ͉a͘ ϭ (͉1͘ Ϫ ͉2͘)/ͱ2, the fluorescence intensity is given by
It displays quantum-beat oscillations at frequency ͉␦ ͉. Note that the fluorescence, however, is completely quenched at the times t q ϭ 2n/͉␦ ͉, (n ϭ 0, 1, 2,¯). For 21 0 the antisymmetric state ͉a͘ is radiative, but displays destructive interference at certain times. When the atom is initially in the symmetric state, ͉⌿(0)͘ ϵ ͉s͘ ϭ (͉1͘ ϩ ͉2͘)/ͱ2, the fluorescence intensity is found to be
The intensity here also displays quantum-beat oscillations at frequency ͉␦ ͉, with fluorescence quenching occurring at times t q ϭ ͓2n ϩ 2 arctan(͉␦ ͉/␥)͔ / ͉␦ ͉ (n ϭ 0, 1, 2,¯). In the limit of 21 ӷ ␥ the quenching times are approximately at t q Ӎ (2n ϩ 1)/͉␦ ͉ (n ϭ 0, 1, 2,¯).
If the atom is initially in one of the excited states, or in a uniform incoherent mixture of excited states, (9) the fluorescence intensity is given by
which shows oscillations at frequency ͉␦ ͉, together with an exponential decay. It also shows the quantum-beat feature, but without the fluorescence quenching. Figures 1 and 2 show the fluorescence intensity for the general case, obtained numerically. We take ␥ 1 ϭ ␥ 2 ϭ ␥ 12 ϭ ␥, ⌫ 21 ϭ 0, 21 ϭ 5␥, and the different initial states ͉⌿(0)͘ ϭ ͉s͘,͉a͘, and ͉1͘ in Fig. 1 . As predicted by Eqs. (7)- (10), the intensity exhibits quantum beats, and fluorescence quenching occurs at times t q ϭ n/ͱ6␥ for the atom initially in the antisymmetric state, and t q Ӎ (n ϩ 1/2)/ͱ6␥ for the atom initially in the symmetric state, where n is an integer. The curve for the state ͉⌿(0)͘ ϭ ͉1͘ always passes through the points of intersection of the state ͉⌿(0)͘ ϭ ͉s͘ with the state ͉⌿(0)͘ ϭ ͉a͘; that is, the three curves always trisect.
We see from Eq. (2) that the fluorescent intensity in the case ␥ 1 ϭ ␥ 2 ϭ ␥ 12 ϭ ␥ is simply proportional to the population of the symmetric state, ss (t) ϭ ͓ 11 (t) ϩ 22 (t) ϩ 12 (t) ϩ 21 (t)͔/2.
Note that the initial population can be transferred between the symmetric and antisymmetric states owing to the part of the decay processes attributable to quantum interference. For an atom initially in the symmetric or antisymmetric states, at the quenching time t q there is no population in the symmetric state, and the atomic population is transferred into the antisymmetric and ground states, the former being a completely quenched radiative state while the latter is nonradiative. As time progresses, some population may be transferred into the symmetric state, so the atom shows a bright fluorescence emission; then after a further interval, the population in the symmetric state may be completely transferred into the asymmetric state, with fluorescence quenching again, and so on, until the atom decays eventually to the ground state. For the atom initially in one of the states (9) , the population in the symmetric state never becomes zero as time develops, and thus no fluorescence quenching occurs.
B. For the Collision Case: ⌫ 21
0 Next, we take into account the collisional dephasing. For the atom initially in the antisymmetric state ͉a͘ the fluorescence intensity is given by
It still displays quantum-beat oscillations at frequency ͉␦ ͉, but with degraded amplitudes. The fluorescent radiation rate is enhanced, but for ⌫ 21 0, no fluorescence quenching is possible [except that I(0) ϭ 0]. Figure 2 exhibits the influence of the collisional dephasing for the atom initially in the antisymmetric state with ␥ 1 ϭ ␥ 2 ϭ ␥ 12 ϭ ␥ and 21 ϭ 3␥. It is clear that the effect of the dephasing collisions is marked, always reducing the amplitudes of the quantum beats, and fluorescence quenching occurs only at the initial time.
Collision-induced degrading of quantum-beat oscillations also occurs in other situations. For example, for the atom initially in the symmetric state ͉s͘ the fluorescence intensity is given by Fig. 1 . Fluorescence intensity against ϭ ␥ 2 t/, with 21 ϭ 5␥ 2 and various initial conditions: ͉⌿(0)͘ ϭ ͉s͘ (solid curve), ͉a͘ (dashed curve), and ͉1͘ (dot-dashed curve). We set ␥ 1 ϭ ␥ 2 , ␥ 12 ϭ ␥ M , and ⌫ 21 ϭ 0. 
and for the atom initially in one of the states (9), it takes the form
These expressions demonstrate that in the presence of the dephased collisions, the fluorescence oscillations are degraded, the rate of the fluorescent emissions is increased, and there is no fluorescence quenching, even for the atom prepared initially in the symmetric state.
PROBE ABSORPTION SPECTRUM
We now analyze the steady-state influences of dephasing collisions in the context of the probe absorption spectrum. Illuminating the atomic medium by a weak, frequencytunable probe beam, the atomic absorption spectrum may be calculated according to linear response theory and the quantum-regression theorem, to be
2 , jj is the steady-state population of level ͉ j͘, ( j ϭ 0, 1, 2), and
, 12 ϭ 21 * , (16) are the steady-state atomic coherences between the two dipole-forbidden excited levels, induced by the quantuminterference effect. The numerator of expression (14) clearly demonstrates that the absorption spectrum consists of three parts, one originating from the atomic transition ͉0͘ → ͉1͘ and proportional to the population difference 00 Ϫ 11 between the states ͉0͘ and ͉1͘, one from the transition ͉0͘ → ͉2͘ and proportional to the population difference 00 Ϫ 22 , while the final one stems from the quantum interference between the two absorption pathways from the ground level to the excited doublet, and is proportional to ␥ 12 , 21 , and 12 . In the absence of quantum interference, ␥ 12 ϭ 0, the latter makes no contribution, and the absorption spectrum (14) then consists of two Lorentzians with linewidth ␥ 1 ϩ 2⌫ 10 and ␥ 2 ϩ 2⌫ 20 , located at 1 and 2 , which result from the two independent atomic absorptions, ͉0͘ → ͉1͘ and ͉0͘ → ͉2͘, respectively.
In the presence of quantum interference we showed 3 that for a collision-free atom (see, for example, the solid curves in Fig. 3 ) the spectral features can be dramatically modified, particularly in the case of 21 Ͻ ␥ 1 ,␥ 2 . Specifically, for the Vee atom with a degenerate excited doublet ( 21 ϭ 0) a sharp peak is imposed on a broad absorption spectrum when the strength of quantum interference deviates slightly from its maximum value. For a nondegenerate excited doublet ( 21 0), however, a narrow hole is bored into the broad peak. The stronger the quantum interference, the deeper the hole. For maximal radiative interference, probe transparency occurs at the frequency
The width of the interference-induced hole is also dependent on the doublet splitting 21 . The smaller the splitting, the narrower the hole. We account for the effect of the collisional dephasing on the probe absorption spectrum in Fig. 3 , where the solid, dashed, and dot-dashed curves are, respectively, for ⌫ 10 ϭ ⌫ 20 ϭ 0, 0.01␥ 2 , and 0.05␥ 2 . In frame (a) we assume that 21 ϭ 0, ␥ 1 ϭ ␥ 2 , and ␥ 12 ϭ 0.95␥ M , whereas the values 21 ϭ 0.5␥ 2 and ␥ 12 ϭ ␥ M are assumed in frames (b) and (c), with ␥ 1 ϭ ␥ 2 in the former case and ␥ 1 ϭ 0.1␥ 2 in the latter. One finds that the narrow resonances are substantially suppressed and broadened, even for very small dephasing rates. Probe transparency can never occur in the presence of dephasing collisions.
DOPPLER BROADENING
The above treatment ignores Doppler broadening. In practice, the atoms may move with velocity v, giving an effective frequency for the probe beam of p Ϫ Kv owing to the Doppler effect, where K ϭ Ϯ p /c with Ϯ indicating that the probe beam propagates parallel or antiparallel to the atomic motion. Assuming that the atomic velocities obey the Maxwell-Boltzmann distribution, one has the probability distribution function for v,
where /ͱ2 is the root-mean-square atomic velocity. Thus the Doppler width is ϭ ͉K͉. The absorption spectrum may be obtained by integrating A( p , v) (v)dv over the velocity. We take ␥ 1 ϭ ␥ 2 ϭ ␥ and ⌫ jl ϭ 0 for simplicity: the integral then yields
and Z( Ϯ ) is the plasma-dispersion function 11 with the complex argument
In general, the absorption spectrum must be evaluated numerically: however, for very small average velocities (i.e., → 0),
and the spectrum (19) reduces to
the absorption spectrum for static atoms. In the Doppler limit, ӷ Ϯ ,
the spectrum (19) takes the approximate form
In this case the absorption spectrum shows a muchbroadened Gaussian line shape with Doppler linewidth, and the value of the spectrum is extremely small (because ӷ Ϯ ). The exact absorption spectra for the moving atoms are shown in Fig. 4 , where frame (a) treats an atom with a degenerate excited doublet, while frame (b) is for the nondegenerate case. We observe in both cases that the magnitude of the interference-induced narrow resonance (sharp peak and hole) is dramatically reduced, even for atoms subject to very small Doppler broadenings. For fast atoms the atomic absorption is very small and its spectral width is determined by the Doppler broadening. Transparency cannot occur in the presence of Doppler broadening. 
SUMMARY
We have studied the effect of collisional dephasing and Doppler broadening on quantum-beat oscillations, narrow resonances, and probe transparency, induced by quantum interference, for the particularly simple system of a Veetype atom with its excited doublet coupled to the ground state only by the vacuum. (That is, there is no driving field.) We have found that the collisional-dephasing rate ⌫ 21 modifies only the fluorescence intensity, while the other dephasing rates, ⌫ 10 and ⌫ 20 , influence only the probe absorption spectrum. The collisional dephasing reduces the amplitudes of quantum beats, and suppresses and broadens narrow resonances. Fluorescence quenching and probe transparency can never occur in the presence of dephasing collisions. The effects of Doppler broadening on the probe absorption spectrum are similar to those of collisional dephasing, suppressing and broadening the narrow resonances.
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